Cleveland, Ohio 44135 SUMMARY sponsoring t h e Turbine Engine Hot Section Technology s t h e need f o r improved d u r a b i l i t y i n advanced combu (HOST) P r o jt o r s and t u r b i n e s . A n a l y t i c a l and experimental a c t i v i t i e s aimed a t more accurate pred i c t i o n o f t h e aerothermal environment, t h e thermomechanical loads, t h e mater i a l behavior and s t r u c t u r a l responses t o such loading, and l i f e p r e d i c t i o n s f o r h i g h temperature c y c l i c operation have been underway f o r several years and a r e showing promising r e s u l t s . Progress i s r e p o r t e d i n the development o f advanced i n s t r u m e n t a t i o n and i n t h e improvement o f combustor aerothermal and t u r b i n e heat t r a n s f e r models t h a t w i l l l e a d t o more accurate p r e d i c t i o n o f thermomechanical loads.
(HOST) P r o jt o r s and t u r b i n e s . A n a l y t i c a l and experimental a c t i v i t i e s aimed a t more accurate pred i c t i o n o f t h e aerothermal environment, t h e thermomechanical loads, t h e mater i a l behavior and s t r u c t u r a l responses t o such loading, and l i f e p r e d i c t i o n s f o r h i g h temperature c y c l i c operation have been underway f o r several years and a r e showing promising r e s u l t s . Progress i s r e p o r t e d i n the development o f advanced i n s t r u m e n t a t i o n and i n t h e improvement o f combustor aerothermal and t u r b i n e heat t r a n s f e r models t h a t w i l l l e a d t o more accurate p r e d i c t i o n o f thermomechanical loads.
INTRODUCTION Since i n t r o d u c t i o n o f t h e gas t u r b i n e engine t o a l r c r a f t propulsion, the quest f o r g r e a t e r performance has r e s u l t e d i n a c o n t i n u i n g upward t r e n d i n o v e r a l l pressure r a t i o f o r t h e engine core. Associated w i t h t h i s t r e n d a r e
i n c r e a s i n g temperatures o f gases f l o w i n g from t h e compressor and combustor and through the t u r b i n e . For commercial a i r c r a f t engines i n t h e foreseeable f u t u r e , compressor discharge temperature w i l l exceed 922 K (1200 O F ) , w h i l e t u r b i n e i n l e t temperature w i l l be approximately 1755 K (2700 O F ) . M i l i t a r y a i r c r a f t engines w i l l s i g n i f i c a n t l y exceed these values.
Since 1973 i n c r e a s i n g f u e l p r i c e s have created t h e demand f o r energy cons e r v a t i o n and more f u e l e f f i c i e n t a i r c r a f t engines. I n response t o t h i s . demand, engine manufacturers c o n t i n u a l l y increased t h e performance o f t h e curr e n t generation o f gas t u r b i n e engines. Soon afterward, t h e a i r l i n e i n d u s t r y began t o experience a n o t a b l e decrease i n d u r a b i l i t y o r u s e f u l l i f e o f c r i t i c a l p a r t s i n t h e engine h o t s e c t i o n --t h e combustor and t u r b i n e . This was due p r im a r i l y t o c r a c k i n g I n t h e combustor l i n e r s , t u r b i n e vanes, and t u r b i n e blades.
I n a d d i t i o n , s p a l l l n g o f thermal b a r r i e r coatings t h a t p r o t e c t combustor l i n e r s has occurred.
For the a i r l i n e s , reduced d u r a b i l i t y f o r i n -s e r v i c e engines was measured by a dramatic increase i n maintenance costs, p r i m a r i l y f o r h i g h bypass r a t i o engines. Higher maintenance costs were e s p e c i a l l y evident i n the h o t s e c t l o n . As shown i n reference 1, h o t s e c t i o n maintenance costs account f o r almost 60 percent o f t h e engine t o t a l . D u r a b i l i t y can be improved i n hot s e c t i o n components by using a s i n g l e approach o r a combination o f f o u r approaches. They a r e t h e use o f (1) mater i a l s having higher use temperatures, ( 2 ) more e f f e c t i v e c o o l i n g techniques t o reduce m a t e r i a l temperatures, ( 3 ) advanced s t r u c t u r a l design concepts t o reduce stresses, and ( 4 ) more accurate a n a l y t i c a l models and computer codes i n t h e design a n a l y s i s process t o i d e n t i f y h o t spots, h i g h stresses, e t c .
based superalloys. C e r t a i n elements of these a l l o y s , such as c o b a l t , a r e i n s h o r t supply and a r e expensive. Recently researchers completed a study o f ways t o reduce t h e i r usage ( r e f . 2 ) . Advanced h i g h temperature s u p e r a l l o y components a l s o i n c l u d e d i r e c t i o n a l l y s o l i d i f i e d , s i n g l e c r y s t a l , and oxidedispersion-strengthened m a t e r i a l s . For such m a t e r i a l s , t h e development time i s lengthy, f a b r i c a t i o n i s sometimes d i f f i c u l t , and again costs a r e high. Thus, successful use o f these m a t e r i a l s r e q u i r e s a balance among design requirements, f a b r i c a t i o n p o s s i b i l i t i e s , and t o t a l costs.
High temperature m e t a l l i c m a t e r i a l s c u r r e n t l y i n c l u d e n i c k e l -and c o b a l tCurrent cooling techniques tend t o be s o p h i s t i c a t e d ; f a b r i c a t i o n i s modera t e l y d i f f i c u l t . I n higher performance engines, c o o l i n g c a p a b i l i t y may be improved by increasing t h e amount o f coolant. There i s a p e n a l t y f o r doing t h i s , however, i n the r e d u c t i o n o f thermodynamic c y c l e performance o f the engine system. I n a d d i t i o n , t h e coolant temperature o f such advanced engines i s higher than t h a t f o r c u r r e n t i n -s e r v i c e engines. Consequently, more e f f e ct i v e c o o l i n g techniques a r e being i n v e s t i g a t e d . Generally, they a r e more comp l e x i n design; demand new f a b r i c a t i o n methods; and may r e q u i r e a m u l t i t u d e o f small c o o l i n g holes, each o f which introduces p o t e n t i a l l i f e -l i m i t i n g h i g h s t r e s s concentrations. Acceptable use o f t h e advanced c o o l i n g techniques w i l l r e q u i r e accurate models f o r design a n a l y s i s .
The i n t r o d u c t i o n o f advanced s t r u c t u r a l design concepts u s u a l l y begins w i t h a p r e l i m i n a r y concept t h a t then must be proven, must be developed, and--most c r i t i c a l l y --m u s t be f a r s u p e r i o r t o entrenched standard designs. Acceptance c e r t a i n l y i s t i m e consuming, and b e n e f i t s must be s i g n i f i c a n t . For improved d u r a b i l i t y i n h i g h performance combustors, an e x c e l l e n t example o f an advanced s t r u c t u r a l design concept i s t h e segmented l i n e r ( r e f . 3 ) . The l i f el i m i t i n g problems associated w i t h h i g h hoop stresses were e l i m i n a t e d by d i v i di n g the standard f u l l -h o o p l i n e r s i n t o segments. A t t h e same time, designers r e a l i z e d increased f l e x i b i l i t y i n the choice o f advanced c o o l i n g techniques and m a t e r i a l s , i n c l u d i n g composite ceramics.
F i n a l l y , the design a n a l y s i s o f h o t s e c t i o n component p a r t s , such as t h e combustor l i n e r s o r t u r b i n e vanes and blades, i n v o l v e s t h e use o f a n a l y t i c a l o r e m p i r i c a l models. Such models o f t e n i n v o l v e computer codes f o r analyzing the aerothermal environment, t h e thermo-mechanical loads, heat t r a n s f e r , and m a t e r i a l and s t r u c t u r a l responses t o such loading. When t h e p a r t s a r e exposed t o h i g h temperature c y c l i c o p e r a t i o n as i n a t u r b i n e engine, the r e p e t i t i v e s t r a i n i n g o f t h e m a t e r i a l s i n v a r i a b l y leads t o crack i n i t i a t i o n and propagation u n t i l f a i l u r e o r break-away occurs. The u s e f u l l i f e o r d u r a b i l i t y o f a p a r t i s u s u a l l y defined as t h e number o f mission cycles t h a t can be accumulated b e f o r e i n i t i a t i o n o f s i g n i f i c a n t cracks. Thus, designers need t o p r e d i c t usef u l I 1 l i f e l 1 so they can design a p a r t t o meet requirements. E f f o r t s t o p r e d i c t the l i f e o f a p a r t g e n e r a l l y f o l l o w t h e f l o w of analyt i c a l models portrayed i n f i g u r e 1. Thus, designjng o f a p a r t such as a t u rb i n e blade t o meet a s p e c i f i e d l i f e goal may r e q u i r e a number o f i t e r a t i o n s through the " L i f e P r e d i c t i o n Systemll of f i g u r e 1, v a r y i n g t h e blade geometry, m a t e r i a l , o r cooling effectiveness i n each pass, u n t i l a s a t i s f a c t o r y l i f e goal i s p r e d i c t e d .
Present models or codes frequently predict physical behavior qualitatively but exhibit unacceptable quantitative accuracy. In general, researchers need to improve predictive capability (1) to understand and model more accurately the basic physics of the phenomena related to durability, (2) to emphasize local as well as global conditions and responses, (3) to accommodate nonlinear and inelastic behavior, and (4) to expand some models from two to three dimensions. solution techniques, computer memory, and computer computational speed were increasing dramatically. These technological advances continue. 
Objec ti ve
The HOST Project will develop improved analytical models for the aerothermal environment, the thermomechanical loads, material behavior, structural response, and life prediction, along with more sophisticated computer codes, which can be used in design analyses of critical parts i n advanced turbine engine combustors and turbines. More accurate analytical tools will better ensure--during the design process--improved durability of future hot section engines components.
Approach
The complex durability problem in high temperature, cyclically operated turbine engine components requires the involvement of numerous research disciplines. This Involvement must include not only focused research but sometimes interdisciplinary and integrated efforts.
Most disciplines in the HOST Project follow a common approach. First, phenomena related to durability are investigated, often using benchmark quality experiments. With known boundary conditions and proper instrumentation, these experiments result in a characterization and better understanding of such phenomena as the aerothermal environment, the material and structural behavior during thermomechanical loading, and crack initiation and propagation. Second, state-of-the-art analytical models are identified, evaluated, and then improved by more inclusive physical considerations and/or more advanced computer code development. When no state-of-the-art models exist, researchers develop new models. Finally, predictions using the improved analytical tools are validated by comparison to experimental results, especially the benchmark quality data.
Programs
Fulfillment of the HOST Project objective is being accomplished through numerous research and technology programs. Numerous activities have been res a c t the and r e c e n t l y completed o r a r e i n progress. f o r 39 separate a c t i v i t i e s w i t h p r i v a t e i n d u s t r y , most o f which a r e m u l t i -y e a r and multi-phased.
I n several a c t i v i t i e s , more than one c o n t r a c t o r i s i n v o l v e d because o f t h e nature o f t h e research and each c o n t r a c t o r ' s unique q u a l i f i c at i o n s . w i t h u n i v e r s i t i e s . F i n a l l y , a t the NASA Lewis Research Center, 1 7 major HOST management has issued c o n t r a c t s T h i r t e e n more separate a c t i v i t i e s a r e being conducted through grants arch e f f o r t s are supported by t h e p r o j e c t . v i t i e s being conducted i n t h e HOST P r o j e c t . p r o j e c t ' s completion date, t h e schedule f o r each a c t i v i t y i s being r e v i s e d Table I l i s t s a l l t h e t e c h n i c a l
Because o f r e c e n t changes i n consequently, i s n o t presented i n t h i s r e p o r t .
RESULTS AND DISCUSSION
Engine manufacturers i n t e r e s t e d i n p r e d i c t i n g t h e l i f e o f a p a r t o f t e n use a " L i f e P r e d i c t i o n System," as portrayed i n f i g u r e 1. Generally, such a system defines the engine o p e r a t i n g requirements and c h a r a c t e r i z e s t h e h o t s e c t i o n environment; t h e system a l s o p r e d i c t s t h e behavior o f m a t e r i a l s and s t r u c t u r e s w i t h i n t h a t environment, e s p e c i a l l y d u r i n g h i g h temperature c y c l i c operation.
Development o f such a system r e q u i r e s work i n v o l v i n g s i x d i s c i p l i n e s : i n s t r u m e n t a t i o n , combustion, t u r b i n e heat t r a n s f e r , s t r u c t u r a l a n a l y s i s , f a t i g u e and f r a c t u r e , and surface p r o t e c t i o n . HOST P r o j e c t a c t i v i t i e s a r e organized along those d i s c i p l i n e l i n e s . However, t h i s r e p o r t f o l l o w s t h e " L i f e P r e d i c t i o n System" f l o w c h a r t t o review progress on HOST a c t i v i t i e s . gress r e p o r t focuses on o n l y two steps i n t h e p r e d i c t i o n system: c h a r a c t e r i z at i o n o f the aerothermal ( h o t s e c t i o n ) environment and o f thermomechanical loads. The r e p o r t on each a c t i v i t y contains t h r e e elements: t h e need, t h e product, and h i g h l i g h t s o f t h e t e c h n i c a l r e s u l t s . References d i r e c t readers t o more d e t a i l .
The p r oCharacter1 z a t i o n o f t h e Aerothermal Environment W i t h i n a gas t u r b i n e engine, t h e combustor i s o f primary importance t o h o t s e c t i o n d u r a b i l i t y . The l i f e o f c r i t i c a l h o t s e c t i o n p a r t s , such as the combustor l i n e r s and t u r b i n e blades and vanes, i s a f f e c t e d by t h e temperature l e v e l and u n i f o r m i t y o f gases f l o w i n g over t h e i r surfaces.
The gas temperature l e v e l i s e s t a b l i s h e d by t h e engine performance requirements. Generally, higher performance i n commercial a i r c r a f t engines ' I S obtained by increasing the o v e r a l l pressure r a t i o and t h e component e f f i c i e n c y . One r e s u l t o f increased pressure r a t i o i s a p r o p o r t i o n a t e increase i n compressor discharge a i r temperature. combustor l i n e r and t u r b i n e a i r f o i l cooling, t h e impact i s higher c o o l a n t temperatures. burning more f u e l and thereby i n c r e a s i n g t h e combustor temperature r i s e . impact I s n o t only a g r e a t e r thermal load on t h e l i n e r s b u t a l s o a h i g h e r average t u r b i n e i n l e t temperature.
Since p a r t o f t h e compressor a i r i s used f o r M i l i t a r y a i r c r a f t engines o b t a i n h i g h e r performance p r i m a r i l y by The Obtaining gas temperature u n i f o r m i t y i s p a r t i c u l a r l y c h a l l e n g i n g where complex aerodynamics, chemical k i n e t i c s , and t u r b u l e n t heat t r a n s f e r take place. form compressor a i r f l o w c i r c u m f e r e n t l a l l y can impact l i n e r backside temperat u r e s and cause l i n e r temperature a x i a l s t r e a k i n g . ' I t a l s o has been known t o a f f e c t combustor e x i t temperature p r o f i l e s and p a t t e r n f a c t o r , which d i r e c t l y i n f l u e n c e thermal l o a d i n g p r o f i l e s on t u r b i n e f i r s t stage vanes and blades.
Nonuni-F i n a l l y , the combustion system must accept a range i n the q u a l i t y o f f u e l s t o be burned. I n recent times, t h e aromatic c o n t e n t o f a i r c r a f t gas t u r b i n e f u e l s has n o t o n l y increased b u t varies from one l o c a t i o n t o another i n t h e world. The most n o t a b l e e f f e c t o f lower q u a l i t y f u e l i s i n coke formation. I f t h e coke build-up occurs on t h e f u e l i n j e c t o r , t h e change i n spray p a t t e r n may be s u f f i c i e n t t o cause temperature s t r e a k i n g on t h e l i n e r s . Coke deposits on t h e i n j e c t o r s o r l i n e r s may reach a c e r t a i n size, break away, and f l o w i n t o t h e t u r b i n e where they cause "shot-peening" o f a i r f o i l surfaces--some o f which may have thermal b a r r i e r coatings-or become trapped between a r o t a t i n g blade and t u r b i n e case, w i t h subsequent damage t o t h e seal. Another e f f e c t o f h i g h e r aromatic f u e l s i s an increase i n r a d i a n t heat l o a d i n g on h o t s e c t i o n p a r t s t h a t 'I s e e II s 11 r h rad i 5 t 1 nn
With the above considerations i n mind, i t i s o f utmost importance t o chara c t e r i z e and understand the aerothermal environment around h o t s e c t i o n p a r t s . This i s t h e i n i t i a l step i n developing more accurate models t o a n a l y t i c a l l y p r e d i c t such phenomena. Such c h a r a c t e r i z a t i o n i s provided by a p p r o p r i a t e advanced i n s t r u m e n t a t i o n t h a t i s used i n c a r e f u l l y designed and conducted experiments. To t h i s end, several a c t i v i t i e s supported by the HOST P r o j e c t were undertaken and have now been completed. Such a c t i v i t i e s under t h e instrumentation d i s c i p l i n e a l l o w one t o view t h e i n t e r i o r o f an o p e r a t i n g combustion chamber, t o measure h i g h frequency gas temperature f l u c t u a t i o n s , and t o measure instantaneous and average gas f l o w v e l o c i t i e s . Under t h e combustlon d i s c ip l i n e , a broad data base has been obtained f o r d i l u t i o n j e t m i x i n g and has been used t o develop e m p i r i c a l r e l a t i o n s t h a t a l l o w designers t o p r e d i c t combustor e x i t temperature p r o f i l e s . I n a d d i t i o n , s t a t e -o f -t h e -a r t aerothermal models o f t h e combustion system have been assessed and recommendations made f o r r e q u i r e d improvements. Summaries o f a c t l v i t i e s t h a t have improved t h e researcher's or d e s i g n e r ' s a b i l i t y t o c h a r a c t e r i z e the aerothermal environment a r e presented below. i n s i d e an o p e r a t i n g t u r b i n e engine hot s e c t i o n component i s important f o r d e t e c t i n g abnormal o p e r a t i o n and f a i l u r e modes. For example, l o o k i n g i n s i d e a combustor w i l l h e l p determine t h e l o c a t i o n and shape o f t h e flame and t h e opera t i n g c o n d i t i o n s under which t h e flame impinges on the combustor w a l l o r l i n e r . The c o n d i t i o n o f t h e l i n e r ( s )
, f u e l I n j e c t o r s , bulkhead, and t u r b i n e i n l e t guide vanes c o u l d be q u a l i t a t i v e l y assessed d u r i n g combustor operation.
Observed h o t spots can be monitored f o r p r o g r e s s i v e l i n e r damage, i n c l u d i n g crack i n i t i a t i o n and propagation.
accumulation o f coke deposits and f u e l spray p a t t e r n and t o measure r e l a t i v e o r absolute flame temperatures. Flame I n s t a b i l i t y and turbulence could be observed and/or measured and p o s s i b l y r e l a t e d t o combustor acoustic noise.
The purpose f o r t h i s a c t i v i t y , which was conducted by United Technologies Research Center (UTRC), was t o develop an o p t i c a l system f o r viewlng t h e i n t e ri o r of a combustor ( o r perhaps t u r b i n e ) d u r i n g h i g h pressure, h i g h temperature o p e r a t i o n and t o e x p l o r e methods f o r improving t h e i n f o r m a t j o n content o f Hot s e c t i o n viewins system. -Development o f a d i a g n o s t i c t o o l t o look
I t a l s o may be p o s s i b l e t o observe the recorded images. The final system was planned for use inhouse at NASA Lewis as a research tool and for loan to qualified users.
The completed viewing system consists of a water-cooled probe, a probe actuator, controls, an optics/light source interface, and interchangeable viewing optics. view and resolution options. while figure 3 shows the probe. Figure 2 is a schematic of the viewing system, Development of the system has included testing of a pulsed laser illumination source and computer image enhancement. Followjng delivery of the system to NASA Lewis, it has been used in the High Pressure Facility to obtain high speed movies of burning around fuel injectors. Using the results of this research, UTRC is constructing several more probes for its own corporate use, as well as for an electric power company to use on a gas turbine generating system. tor test rig. Reference 9 provides more detailed information on this viewing system. The U.S. Navy soon will be using the NASA viewing system in a combusResearchers believe that future testing with the system using pulsed laser illumination, coupled with a suitable filter and a short duration shutter that allows suppression of the intense flame illumination, will provide a ltview'l through a luminous flame. Image enhancement then can be used to expand the range of contrast of images that have been recorded. Dynamic gas temperature measurement system. -In gas turbine engines, it is generally accepted that large scale gas temperature and velocity fluctuations occur throughout the combustion chamber and in the combustor exhaust gases because o f incomplete mixing o f the combustion gases and air used for dilution and liner cooling. The fluctuating temperatures and velocities of these exhaust gases have been related to damage to turbine vanes and blades. That is, temperature variations in the gas stream cause measurable temperature variations on the surface of such parts. Thus, a probe that can accurately measure the amplitude and frequency o f the gas stream temperature fluctuations is necessary in order to improve the prediction of turbine blade and vane life In addition, the understanding of turbulent combustion requires a knowledge o f the temperature variation with time.
The interchangeable viewing optics provide a variety of field-of-
In the past, high-response measurements have been attempted by using a passive electrical compensation network based on an estimate of the temperature probe time constant. The intent of an effort performed by Pratt and Whitney was to develop a more rigorous method for measuring gas temperature fluctuations at frequencies up to 1000 Test results with the probe located at the exit plane of an Further efforts in progress are (1) experimentally verifying the accuracy of the probe using a specially designed rig to produce known temperature fluctuations, (2) reducing the time for data processing, and (3) reprogramming the compensation system to run on a general purpose computer.
Laser anemcmetry f e r h c t sertic:: appllcatlcns. -The gases flcwing thrcugh a turbine engine hot section exhibit complex behavior, including turbulence. In the turbine component with its successive stages of flow turning vanes and rotating blades, the behavior is difficult to characterize, let alone model, for performance and heat transfer. Understanding of such flow behavior requires a detailed knowledge of the flow stream velocity components in the axial, circumferential, and radial directions. Such information is needed within the vane passages, between vanes and blades, and within the blade passages; it must also include secondary flows over the tips of the blades. To understand the flow behavior and to measure flow velocity components, researchers at the NASA Lewis Research Center used the following approach: 1 ) conduct experiments of increasing complexity from a single bench type to possibly real engine rigs and 2) develop a nonintrusive measuring probe that will not be damaged by the hostile environment, will not change the flow behavior being measured, and will provide measurements within rotating blade passages. The only means to do this i s with a laser anemometer system. Such a system has been developed; it currently measures a single velocity component in these hostile environments.
The primary optical design for the laser anemometer is a conventional single component dual-beam, fringe-type configuration, as illustrated in figure 7(a). System components include the optics, a traversing stage for three-coordinate positioning of the system relative to the test rig, a particle generator for seeding the gas stream with 1.0 pm alumina, and fused silica windows machined to match the inside curvature of the turbine case. nents of the system, including a minicomputer for traverse control and data acquisition, have been developed and tested in an atmospheric jet combustor facility. bustor rig. An identical system is being installed In the Warm Turbine Rig at Lewis. Test measurements will provide data for mean velocity, flow angle, turbulence intensity, and turbulence scale. A further discussion of the system development and preliminary test results may be found in references 5 and 6. Analytical efforts performed during optimization of the laser anemometer system are reported in reference 11. All compo- The purpose for this activity, which was conducted by the Garrett Turbine Engine Company, is twofold. First, extend the data base for jet mixing to include realistic effects of combustion chamber (1) flow area convergence, (2) nonisothermal mainstream flow, (3) opposed (two-sided) in-line and staggered injection, (4) orifice geometry, and (5) double (axial) rows of holes. Second, extend e m p i r i c a l c o r r e l a t i o n s . An i n t e r a c t i v e computer code i s under development a t NASA Lewis f o r mixing analyses and three-dimensional p i c t o r i a l repres e n t a t i o n o f t h e temperature f i e l d a t t h e combustor e x i t .
A schematic o f t h e t e s t s e c t i o n and
o r i f i c e c o n f i g u r a t i o n s i s shown i n f i g u r e 8. ranged from 477 K ( 4 0 0 O F ) t o 811 K (1000 O F ) , and normally i n j e c t e d a i r j e t s having a nominal value o f 294 K ( 7 0 O F ) . Changes i n temperature d i s t r i b u t i o n a t t h e t e s t s e c t i o n e x i t due t o v a r i a t i o n s i n m i x i n g were noted p r i m a r i l y as a f u n c t i o n o f jet-to-mainstream momentum f l u x r a t i o , o r i f i c e c h a r a c t e r i s t i c s , and spacing . Tests were conducted using heated a i r f o r t h e mainstream, which An example o f a t y p i c a l d i l u t i o n j e t f l o w f i e l d i s shown i n f i g u r e 9 w i t h a p i c t o r i a l r e p r e s e n t a t i o n o f the temperature p r o f i l e s shown f o r experimental data and e m p i r i c a l model p r e d i c t i o n s . Several p u b l i c a t i o n s t h a t cover t h e t h r e e work phases a r e i n d i c a t e d by references 15 t o 17, r e s p e c t i v e l y . Results o f v e l o c i t y measurements and c o r r e l a t i o n s , along w i t h temperatures and v e l o c it i e s c a l c u l a t e d u s i n g a three-dimensional numerical code, a r e forthcoming i n a r e p n r t Under rrrntrart NAS2-22!!0. The experimental data and empirical model developed i n t h i s program have been p u t i n t o use by engine manufacturers as a design t o o l . an e m p i r i c a l model o u t s i d e the measurement range, however, i s u n c e r
t a i n a t best. The a p p l i c a b i l i t y o f these empirical models i s l i m i t e d t o t h e geometry and f l o w c o n d i t i o n s and t o parameters t h a t have been c o r r e l a t e d . Numerical models do n o t have these l i m i t a t i o n s , and f o r more generic a p p l i c a t i o n s a three-dimensional numerical model w i l l be needed as a p r e d i c t i v e t o o l . Current numerical r e s u l t s compared w i t h the experiments a r e very promising (see f i g . 9) and i n d i c a t e t h a t they can be used now i n t h e i r present form as a d i a g n o s t i c t o o l f o r e s t a b l i s h i n g f l o w trends. The numerical model c o r r e c t l y describes t h e e f f e c t s o f t h e p r i n c i p a l f l o w and geometric v a r i a b l e s .

The usefulness o f C h a r a c t e r i z a t i o n of t h e Thermomechanical Loads F o l l o w i n g t h e c h a r a c t e r i z a t i o n o f t h e aerothermal environment, t h e next i m p o r t a n t step i n h o t s e c t i o n analyses i s t h e c h a r a c t e r i z a t i o n and understandi n g o f thermal and mechanical loads imposed on t h e p a r t (see f i g . 1 ) . HOST P r o j e c t a c t i v i t i e s i n t h i s area range f r o m advanced i n s t r u m e n t a t i o n measuring
heat f l u x , t o extensive heat t r a n s f e r experiments, and t o improvements o f models and computer codes. I n the HOST P r o j e c t emphasis has been on aerothermal loads. A number o f these a c t i v i t i e s a r e discussed below.
Turbine heat f l u x sensors. -For a i r cooled t u r b i n e blades and vanes, a c r i t i c a l design parameter i s t h e hot s i d e heat t r a n s f e r c o e f f i c i e n t . Current techniques f o r e s t i m a t i n g t h i s c o e f f i c i e n t do n o t p r o v i d e t h e accuracy needed t o p r e d i c t a c t u a l a i r f o i l temperatures. To p r o v i d e more accurate heat t r a n s f e r c o e f f i c i e n t values, researchers must know t h e heat f l u x t o an a i r f o i l surface, p l u s t h e f l o w stream and surface temperatures. Very l i t t l e data i s a v a i l a b l e on heat f l u x i n r e a l i s t i c gas t u r b i n e environments. Researchers know t h a t conv e c t i v e heat t r a n s f e r i s predominant a t lower t u r b i n e pressures and temperat u r e s . performance gains, along w i t h the p o s s i b i l i t y o f burning more luminous broadened s p e c i f i c a t i o n f u e l s , s c i e n t i s t s b e l i e v e t h a t r a d i a t i o n heat t r a n s f e r i s
But as t u r b i n e engine pressure and temperatures a r e increased f o r of greater importance. total heat flux is important.
Thus, development of a sensor that accurately measures
The objectives of this work are, first, to deveTop and test total heat flux sensors that are suitable for use on turbine airfoils and, second, to compare several methods of measuring heat flux in an atmospheric combustor rig.
The effort, which was conducted by Pratt and Whitney (P&W), built on the experience gained in a pre-HOST program that developed total heat flux sensors for use in combustor liners (see ref. 18 ). For airfoils, two sensor designs were identified as meeting the following criteria: sensors must be compatible with blade and vane materials (nickeland cobalt-based alloys), must have good spatial resolution (sensing dlameter less than 0.15 cm or 0.06 in.), mujt not interfere significantly with local temperature distribution and heat flow, and must not change the aerodynamics of the airfoils. criteria were the embedded thermocouple design ( fig. lO(a) ) and the Gardon gage design ( fig. 10(b) ). 
The sensors meeting these
Experimental work to compare these sensors with
Turbine airfoil external heat transfer. -The trend toward higher turbine inlet temperatures to achieve advanced turbine engine performance imposes a more severe thermal load on turbine airfoils--that is, the nozzle guide vanes and rotating blades. At the same time, lack of the ability to predict local gas-to-airfoil heat transfer rates with acceptable accuracy is a principal obstacle toward timely and cost-effective development of high temperature turbine hardware. Improvements in predictive capability in this area can have broad and significant benefits in terms of enhanced turbine life, reduced development and maintenance costs, and improved engine performance.
All modern high pressure turbine airfoils contain complex cooling techniques. It is convenient to separate these techniques into those that become part of the external flow field (i.e., film cooling) and those that do not. Two efforts have been completed recently that experimentally and analytically address the needs of both types of airfoil cooling. In each effort, the objectives included these: (1) The two a i r f o i l p r o f i l e s t e s t e d a r e shown i n The a n a l y t i c a l a c t i v i t y was conducted because t h e r e i s no standard f o r c o n s i s t e n t l y and a c c u r a t e l y p r e d i c t i n g e x t e r n a l convective heat t r a n s f e r t o s o l i d surface a i r f o i l s o p e r a t i n g i n a gas t u r b i n e environment. ensure e a r l y and wide user acceptance o f any improvements i n p r e d i c t i v e capab i l i t i e s , t h e I n i t i a l t a s k i n t h i s a c t i v i t y i n v o l v e d i d e n t i f y i n g and assessing t h e c u r r e n t s t a t e -o f -t h e -a r t p r e d i c t i v e methods. Three boundary l a y e r methods were selected. The major d i f f e r e n c e s among t h e methods were i n t h e a n a l y t i c a l form o f t h e governing equations t h a t were solved and t h e complexity o f t h e t u rbulence model assumed. A f t e r documenting t h e inadequacies o f t h e methods over t h e broad range o f a i r f o i l p r o f i l e s and o p e r a t i n g c o n d i t i o n s , researchers channeled f u r t h e r examinations and development i n t o one promising method. This i s t h e d i f f e r e n t i a l boundary l a y e r method, a v a i l a b l e I n t h e computer code STAN5 ( r e f . 22), which uses a mixing l e n g t h hypothesis (MLH) or zero-equation turbulence model f o r m u l a t i o n . To b e t t e r p r e d i c t a i r f o i l heat t r a n s f e r , s c i e n t i s t s f u r t h e r developed t h e turbulence model i n STAN5. D e t a i l s o f t h i s development and the resu!t!ng mnrl!f!od STAN5 cndo a r e presented !n reference 21.
?c! ! ! I & s t r a t e t h e improved p r e d i c t i o n c a p a b i l i t y , f i g u r e 13 presents a comparison o f t h e C3X a i r f o i l experimental heat t r a n s f e r c o e f f i c i e n t d a t a w i t h t h e unmodified and m o d i f i e d STAN5 p r e d i c t i o n s .
To b e t t e r A second e f f o r t , I n v o l v i n g leading edge f i l m cooled a i r f o i l s , addresses d u r a b i l i t y requirements i n some advanced t u r b i n e engines. I t has been demons t r a t e d t h a t m u l t i p l e h o l e (i.e., shower head) f i l m c o o l i n g o f t h e c r i t i c a l l e a d i n g edge r e g i o n can s i g n i f i c a n t l y improve d u r a b i l i t y f o r a i r f o i l s t h a t otherwise a r e cooled i n t e r n a l l y by a combination o f convection and j e t impingment techniques.
Minimal systematic e f f o r t has been d i r e c t e d a t c h a r a c t e r i z i n g l o c a l heat t r a n s f e r downstream o f leading edge i n j e c t i o n f o r h i g h l y loaded a i rf o i l surfaces o p e r a t i n g a t r e a l i s t i c l e v e l s o f Mach number, Reynolds number, and wall-to-gas and coolant-to-gas temperature r a t i o s .
Researchers have completed the second e f f o r t and reported on i t i n d e t a i l i n reference 23. These researchers extended t h e i n i t i a l data base by using t h e same two-dimensional l i n e a r cascade and C3X a i r f o i l p r o f i l e , having a l e a d i n g edge showerhead a r r a y c o n s i s t i n g o f f i v e rows o f c o o l i n g holes fed by a common .
plenum. The f i l m cooled a i r f o i l i s shown i n f i g u r e 14, along w i t h t h e convect i v e l y cooled design f o r comparison. Recovery r e g l o n heat t r a n s f e r measurements were taken a t two transonic e
x i t Mach number c o n d i t i o n s w i t h t r u e chord
Reynolds numbers o f order lo6. I n a d d i t i o n , both blowing s t r e n g t h and c o o la n t temperature were v a r i e d t o q u a n t i f y j e t turbulence production and thermal d i l u t i o n mechanisms.
The researchers then used the extended data base t o guide development of a mathematical model f o r d e s c r i b i n g the h i g h l y complex, three-dimensional, c o o l a n t jet/mainstream f l o w i n t e r a c t i o n process I n terms o f a two-dimensional boundary l a y e r a n a l y s i s framework. The o b j e c t i v e was t o c r e a t e a method f o r p r e d i c t i n g recovery r e g i o n e x t e r n a l convective heat t r a n s f e r phenomena associated w i t h a l e a d i n g edge f i l m c o o l i n g process. Indeed, a d i r e c t extension o f a n o n f i l m cooled two-dimensional boundary l a y e r a n a l y s i s f o r m u l a t i o n t h a t i s reported I n d e t a i l i n reference 23. standard. Its continued development, however, will improve future capability and reduce empirfcism. In some areas, as shown above, this is an absolute necessity. by the HOST Project. The status of this analytical effort to apply timedependent ensemble-averaged Navier-Stokes equations to transonic turbine cascade flow fields is reported In references 7 and 24. Results to date indicate the ability of the N-S analysis to predict, in reasonable amounts of computation time, the surface pressure distribution, heat transfer rates, and viscous flow development for turbine cascades operatlng at realistic flow conditions. This code's abilfty to predict the C3X data is shown In figure 16 . that the code seems to be picking the chordwise fluctuations in the data is particularly encouraging.
Currently, the N-S framework is not an industry
T o this end, a N-S method development program is being supported
The fact Three-dimensional boundary layer code assessment. -It is widely recognized that turbomachinery flows are three-dimensional. Two-dimensional boundary layer methods, such as STAN5, are at best only applicable to midspan regions, such as described above. Some important insight into threedimensional effects can be gained by the use of three-dimensional boundary layer analyses. As part of the HOST Project, an effort was directed toward the assessment, improvement, and documentation of the three-dimensional boundary layer code descrlbed in reference 25. dimensional boundary layer analyses is the definition of the boundary conditions. They, too, are frequently three-dimensional. The work described i n reference 25 pald particular attention to this problem and developed some generalized techniques for defining the boundary or edge conditions.
A particular problem with three-
The results of the assessment of a three-dimensional boundary layer analysis are demonstrated in figure 17, which compares experiment and analysis for end-wall heat transfer. The results show both the strength and the weakness of a three-dimensional boundary layer analysis. Qualitatively the agreement is good. The overall levels compare quite well, and the Stanton number contours in the trailing edge region show very similar trends. edge region near the so-called saddle point, however, the experimental Stanton number contours are not captured by the analysis. This is the region where the horseshoe vortex is formed that has been shown to have a strong heat transfer effect. The horseshoe vortex cannot be represented in this boundary layer analysis .
In the leading
Gas-side heat transfer with rotation. -All of the turbine heat transfer work described so far was conducted in the stationary frame of reference. Rotation, of course, is an important variable in turbines. Accordingly, the project includes several efforts conducted in the rotating frame of reference. These efforts are just beginning to produce results. For now the program can be described, but only a qualitative preview of the results can be presented.
One effort continues to focus on the external flow over the turbine airfoils. The work is being done in a large low speed turbine that has already been used to obtain a significant body of turbine data, as for example rotorstator interactions described in reference 26. includes heat transfer coefficients along the midspan o f the pressure and suction surfaces on the vanes and the rotating blades. turbulence are being studied. The rig is to be configured as both a single stage, shown in figure 18, and a one and one-half 
Here buoyIn addition the
The serpentine passages with turbulators on the surfaces are being
CONCLUDING REMARKS
In this paper, progress has been reported on 16 of the 69 research activities that have been initiated and supported by the HOST Project. The focus has been on more accurate prediction o f the aerothermal environment and thermal loads. Progress in the remaining efforts is also being made, especially for actlvities related to more accurate prediction of material behavior, structural response, and life prediction.
The cooperative efforts among contractors, academia, and government connected with the HOST Project have been outstanding. While the project justification was based on civil aircraft propulsion needs, the technical results will have both civil and military applications.
For the improved or new analytical models and codes that are being developed in the HOST Project, experimental validation is limited primarily to the benchmark quality data. The burden is on the user community to further validate the HOST products, where required, with real engine-like data and, in turn, to develop confidence for broader usage of the models and codes.
During the past year, a national policy statement was made by G.A. Keyworth, I1 (ref. 28) that addresses specific goals for the United States in three areas--subsonlcs, supersonics, and transatmospherics. With propulsion as the pacing technology to achieve these goals, it seems certain that the trends toward increasing hot section pressure and temperatures will continue.
The higher temperatures w i l l continue t o challenge t h e d u r a b i l i t y requirements o f advanced combustors and t u r b i n e s and perhaps even h i g h e r pressure r a t i o compressors. I n t h e f u t u r e , nonmetallic h i g h temperature m a t e r i a l s , such as p o l ymer m a t r i x composites, ceramic m a t r i x composites, arid m o n o l i t h i c ceramics, w i l l e v e n t u a l l y be introduced t o hot s e c t i o n a p p l i c a t i o n s . Successful and coste f f e c t i v e a p p l i c a t i o n s o f such m a t e r i a l s w i l l r e q u i r e s p e c i f i c a n a l y t i c a l models--for which few e x i s t . However, they may evolve from t h e c u r r e n t models and codes i n t h e HOST P r o j e c t . F i n a l l y , r e v o l u t i o n a r y s t r u c t u r a l design concepts may be required, p r i m a r i l y f o r a p p l i c a t i o n o f t h e nonmetallic m a t e r i a l s .
To ensure e a r l y success i n such a p p l i c a t i o n s , generic models and codes w i l l be required f o r design analyses. 
Abstract
NASA is sponsoring the Turbine Engine Hot Section Technology (HOST) Project to address the need for improved durability in advanced combustors and turbines. Analytical and experimental activities aimed at more accurate prediction of the aerothermal environment, the thermomechanical loads, the material behavior and structural responses to such loading, and life predictions for high temperature cyclic operation have been underway for several years and are showing promising results. Progress is reported in the development of advanced instrumentation and in the improvement of combustor aerothermal and turbine heat transfer models that will lead to more accurate prediction of thermomechanical loads.
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